Plant secondary metabolites, such as, specifically, alkaloids and terpenes, may present psychoactive properties that modify the function of the central nervous system (CNS) and induce neurotoxicity. Neurotoxicity involves the response of glial cells, mainly astrocytes, which play a fundamental role in the control of homeostasis of the CNS. Some Erythroxylum species are indigenous to the state of Bahia in Brazil. This study investigated the cytotoxic activity of the diterpene AEP-1, extracted from the fruit of E. passerinum in a GL-15 cell line, astrocytic, glial cells model. The effects on cell viability, analyzed by the MTT assay, demonstrated a dose-dependent cytotoxic effect, with maximum effect at 500 µg/mL of AEP-1, and with a reduction of about 40 and 47% on cellular viability after 24 h and 72 h treatment, respectively. Evidence for induction of apoptosis by AEP-1 was first obtained when GL-15 glial cells were incubated with 250 µg/mL AEP-1 causing reniform and/or pyknotic nuclei and apoptotic bodies revealed by chromatin staining with Hoechst 33258. Increase in DNA fragmentation was also observed by comet assays in cells incubated with 500 µg/mL of AEP-1. Moreover, cells exposed to a sub toxic dose of AEP-1 (250 µg/mL) showed significant changes in morphology -contraction of the cytoplasm and expansion of cellular projections -signifying the presence of astrocytic cytoskeletal protein and glial fibrillary acidic protein (GFAP). These findings indicated astrocytic cells as the target for terpene AEP-1 and suggest the involvement of glial cells with psychoactive symptoms observed in humans and animals after consumption of fruits of plants of the genus Erythroxylum.
Humans and some animals consume a wide range of foods derived from plants with the potential to modify the functioning of the central nervous system (CNS). These psychoactive properties are attributable to the presence of plant secondary metabolites, specifically alkaloids and terpenes. The genus Erythroxylum (Erythroxylaceae) is chemically characterized for presenting, in its leaves and fruits, tropane alkaloids [1] , although triterpenes esterified with fatty acids have also been isolated in the leaves and fruits of species collected in the State of Bahia, Brazil [2] . Natural and experimental poisoning by fruits from E. deciduum has been described in sheep [3] , and the main clinical signs in natural and experimentally poisoned sheep were ataxia, hyperexcitability and muscular tremors, which were more pronounced when the animals were moved. More recently, two ryanodine diterpenes, named 14-O-methyl-ryanodanol and ryanodanol, were isolated from the ripe fruit of this plant [4, 5] .
It is well known that glial cells are in intimate interaction with neurons and are necessary for the development and maintenance of brain functions and structures, and also for neuroprotection [6a-b] . In the CNS, astrocytes constitute the first line of defense against xenobiotics through an efficient P450 system of drug metabolism and detoxification [6c-d]. Astrocytes responses have been related to neurotoxicity and/or neuroprotection effects of many plant-derived compounds such as alkaloids, i.e., monocrotaline [7] , and the terpene tetrahydrocannabinol [8] . In this context, understanding the action of the terpene from E. passerinum in astrocytic cells is an essential step to better understand the neurological symptoms observed in animals after consumption of leaves and fruits of plants Results are expressed as the median percentage ±SE from the control (0.5% DMSO), considered as 100%. *p <0.05. The vehicle (DMSO 0.5%, v/v) is present in all groups, including control, but did not affect cell viability (data not shown).
of the genus Erythroxylum. Hence, the present study was designed to determine the cytotoxic effects of the ryanodine diterpene 14-Omethyl-ryanodanol (AEP-1) in a model of human astrocytic cells, of the cell line GL-15, in terms of mitochondrial metabolism, DNA damage, and changes in morphology related to the structural astrocytic proteins.
The MTT test showed a significant concentration-dependent decrease in cell viability after AEP-1 treatment (Figure 1 ). Exposure to AEP-1 showed reduction in the cellular viability by 40% and 47% in cultures after 24 h treatment with 250 µg/mL and 500 µg/mL, respectively). This effect was also evident after 72 h treatment. A 72 h exposure promoted a maximum toxic effect in the human GL-15 cells, which reached 52% in reduction of viability.
The effect of AEP-1 on the morphology of GL-15 cells was observed by phase microscopy and immunocytochemistry for the cytoskeletal proteins α-tubulin and GFAP, the latter an astrocyte marker ( Figure 2 ). GL-15 cells presented, in control conditions, a bipolar phenotype and expressed α-tubulin uniformly distributed in the whole cellular body, and GFAP more restricted to the perinuclear region. However, after 24 h exposure to AEP-1 (250 µg/mL) we observed a reduction in cellularity and the remaining adherent cells became very elongated; some cells exhibited cytoplasm retraction with thin cellular processes, with homogenous distribution of both α-tubulin and GFAP in the cellular body and cellular processes. Nuclear chromatin staining with the intercalating agent HOECHST 33258 evidenced cells with pyknotic contracted nuclei, the most characteristic feature of apoptosis, and an important proportion of cells with either reniform or multilobulated nuclei ( Figure 3 ). The evaluation of the DNA integrity after exposure to AEP-1 was investigated by the Comet assay ( Figure 4 ). We observed that, after 72 h treatment, the levels of DNA breaks (Comet rate) observed in cultures in control conditions (0.5% DMSO) were 2.5%.
A slight increase in the frequency of DNA breaks was observed in GL-15 cells exposed to 400-500 µg/mL AEP-1, with Comet rates that reached 7.8% and 11.7%, respectively. As expected, the frequency of Comets in the positive controls (UV irradiation) was 67.7 %.
Glial cells are in intimate interaction with neurons and are necessary for development and maintenance of the brain functions and structures, and neuroprotection [6a-e]. Astrocytes are the glial cells that build the blood-brain barrier with a fundamental role on biotransformation of xenobiotics which can reach the CNS [6e, 9, 10] . Astrocytes react to physical and chemical insults changing metabolism and morphology associated with changes in expression of its exclusive cytoskeletal protein GFAP [10, 11] . Thus, changes in astrocytes physiology may constitute biological markers for many types of damage in the CNS.
Cases of intoxication with fruits from plants from the genus
Erythroxylum have been observed in animals and humans, but with mechanisms not yet elucidated. Of the compounds isolated from leaves and fruits of Erythroxylum species we can distinguish terpenes. In this study we adopted the human cell line GL-15 as an in vitro model of glial cells in order to bring new knowledge about the mechanisms of cytotoxicity of a terpene isolated from fruits of E. passerinum and its relationship with neurological symptoms observed in animals and humans after consumption of plants from the genus Erythroxylum.
We observed, through MTT assay that terpene AEP-1 induced cytotoxicity with a dose-dependent reduction on mitochondrial dehydrogenase activity of astrocytic GL-15 cells. Associated with this, it induced nuclear chromatin condensation and DNA fragmentation at the highest adopted doses (250-500 µg/mL), both features of apoptosis [12] [13] . The potential of terpenes to induce apoptosis in tumor cells has also been reported for breast and prostate cancer cells [8] .
Phase-contrast microscopy and immunocytochemistry of the proteins α-tubulin and GFAP proved that the GL-15 cells changed their morphology when cultured in the presence of 100-500 µg/mL of AEP-1. Confluent control GL-15 cells had a bipolar shape with high α-tubulin and heterogeneous GFAP expression. The α-tubulin protein appeared rather reorganized than overexpressed. However, at 250 µg/mL of AEP-1, it induced differentiation of GL-15 glial cells, illustrated by condensed cell body, emission of many thin filaments and an increase in GFAP immunelabeling. The latter was evident in the majority of the adherent cells. Increases of GFAP expression is one of the main features of astrogliosis. MTT assay revealed that at that AEP-1 concentration (250 µg/mL) the proportion of viable cells was reduced, associated with induction of chromatin condensation and fragmentation. Together, these findings suggest that some cells underwent apoptosis and the remaining adherent viable cells were conducted towards a reactive astrocytic profile with over expression of GFAP. Moreover, a preliminary Cytometric Bead Array (CBA) assay for human pro-and antiinflammatory cytokines revealed that treatment of cells with 250 μg/mL of AEP-1 induced a significant increase in the production of cytokines IL-2, IL-4, IL-1b and TNF-β, which characterized a response with Th2 profile. On the contrary, there was a decrease in IL-5 and an increase in the production of IL-10, a regulatory cytokine ( Figure 5 ).
Cytotoxicity of 14-O-methyl-ryanodanol in a model of astrocytic cells Natural Product Communications Vol. 9 (9) 2014 1247 Figure 5 : Cytokine concentrations in culture medium of glial cells after 72 h experiment. Paired T-tests were performed to measure the significance of the difference of the mean between negative control (NC) and treated cultures (250 µg/mL). Only the cytokines with a percentage of coefficient of variation higher than 20% are shown.
In conclusion, these results indicate that astrocytic cells are a target for AEP-1 and their response could be involved in the neurological manifestations and neurotoxic harm observed in humans and animals after the consumption of Erythroxylum plants. Moreover, considering its potential to induce apoptosis and changes in morphology of human glioblastoma derived GL-15 cells, this compound and related natural products cannot be ruled out as a potential lead compound for drug development against CNS disorders such as cancer.
Experimental
Cell culture: The human glioblastoma lineage cells GL-15, of clonal origin [14] , were adopted as a model of glial astrocytic cells. The cells were used between 20 passages, maintained in a humidified atmosphere of 95% air and 5% CO 2 at 37°C in Dulbecco's modified Eagle's medium (DMEM), supplemented with 10% fetal bovine serum (GIBCO), a nutrient mixture (7 mM glucose, 2 mM glutamine, 0.011 g/L pyruvate) and antibiotics (100 IU/mL penicillin G, 100 µg/mL streptomycin), according to a wellestablished protocol [6d]. Cells were grown in 100 mm diameter tissue culture plates (TTP) containing 10 mL medium, which was replaced 3 times a week. Stock cultures were sub-cultured into new plates every 3-4 days and cultures for experiments were seeded into polystyrene culture plates as needed. For the experiments, after detachment with a solution of trypsin/EDTA (0.05% trypsin, 0.02% EDTA in PBS free of Ca 2+/ Mg 2+ ), cells were seeded in plates (96 wells, 24 wells or 6 wells) at a density of 3.1x10 4 cells/cm 2 and were cultured for 24 h prior to treatment.
Drug and treatment: 14-O-Methyl-ryanodanol (AEP-1) was obtained in the Pharmacy Faculty of the Federal University of Bahia according to Barreiros et al. [5] . For all experiments, AEP-1 was dissolved in dimethyl sulfoxide (DMSO, Sigma) to form a 100 mg/mL stock solution, which was and stored at -20°C. Cells were treated with concentrations ranging between 100 -500 µg/mL AEP-1 for 24, 48 or 72 h. The negative control group was treated with DMSO diluted in the culture medium at the higher equivalent volume used in the treated groups (0.5%). DMSO (0.5%) did not show any significant effect on the analyzed parameters when compared with cultures that were not exposed to this solvent.
Evaluation of AEP-1 cytotoxicity:
Cell viability was measured by the classic MTT method. Cells were cultured in 96-well plates, submitted to treatment with either concentrations between 100-500 g/mL or with 0.1% dimethyl sulfoxide (DMSO, vehicle), and incubated for 24 and 72 h. Thereafter, the MTT reagent dissolved in PBS was added to each well (1 mg/mL final concentration). After additional 2 h incubation in a humidified atmosphere of 5 % CO 2 and 95 % air, 100 μL of a lysis solution (20 % SDS in 50 % DMF) was added to lyse cells to dissolve formazan crystals. The absorbance was then measured at 540 nm using a microplate reader (Thermo Plate ® , TP-reader). Wells without cells were used as blanks. AEP-1 did not interfere with this technique since it was not able to convert MTT to formazan (data not shown).
Evaluation of morphological changes and chromatin staining:
The cells culture was exposed to AEP-1 (100-500 µg/mL), and 0.5% DMSO (negative control), and after 48 h exposure, the morphological aspects were analyzed and photographed using an optic phase microscope (Nikon ® TS-100) using a digital camera (Nikon ® E4300). Ten pictures were analyzed for each treatment in 3 independent experiments. Morphological changes were also studied by immunocytochemistry for the cytoskeletal proteins GFAP (glial fibrillary acidic protein), an astrocyte marker, and α-tubulin. In brief, all control and treated cells, seeded on 24 well polystyrene culture plates (3.1x10 4 cells/cm 2 ) on glass coverslips, were rinsed 3 times with PBS and fixed with cold methanol at -20 o C for 10 minutes. Cells were incubated with either rabbit polyclonal antibodies specific for GFAP (1:1,000, DAKO) or rabbit polyclonal antibodies specific for α-tubulin (1:1,000, Santa Cruz), diluted in phosphate-buffered saline (PBS) with 0.1% Triton X-100 (PBS-T), for 1 h, with slow agitation. After 3 washes with PBS-T, cells were incubated with conjugated antibodies specific for either rabbit IgG Alexa Fluor-546 (red fluorescence) (1:250, Invitrogen) or rabbit IgG Alexa Fluor-488 (green fluorescence) (1:250, Invitrogen), diluted in PBS-T, for 1 h under slow agitation at room temperature. After incubation, the cell nuclei were stained with Hoechst 33258 (Sigma) (5 μg/mL) for 10 min at room temperature. Thereafter, cells were analyzed using an epifluorescence microscope (Olympus ® BX-70) and photographed.
Evaluation of DNA fragmentation by Comet assay:
DNA integrity and single-strand breaks were monitored using single cell gel electrophoresis (Comet assay) performed under alkaline conditions, essentially following the procedure described by Ribeiro [15] , with some modifications. Briefly, all control and treated cells seeded on polystyrene culture dishes of 35 mm in diameter (3.1x10 4 cells/cm 2 ) were incubated for 72 h in the presence of either AEP-1 (250, 400, 500 µg/mL) or 0.5% DMSO (negative control), or cells were exposed to UVC irradiation (positive control) for 1 h at a wavelength of 253.7 nm and at a distance of 0.80 m from the source [16, 17] . After treatment the cells were scraped at 4ºC and centrifuged at 1,000 x g for 10 min. The pellets were diluted in 150 µL of PBS, and 30 µL of cell suspensions were mixed with 300 µL of 1%, w/v, low-melting-point agarose (Sigma-Aldrich), and applied to the surface of normal-melting-point agarose precoatedslides to form a microgel and allowed to set at -20ºC for 5 min. Microgels were submersed in cell lysis buffer (14.61% NaCl, 3.72% EDTA, 0.12% Tris, pH 10.1%, Triton X-100, 10% DMSO) for 1 h at 4ºC, protected from light. Following cell lysis, all slides were washed with PBS for 10 min to remove salt and detergent from the microgel. Slides were placed in a horizontal electrophoresis unit and allowed to equilibrate for 20 min with electrophoresis buffer (0.034% EDTA, 0.3N NaOH, pH13). Electrophoresis was performed at 0.013A and 25V, for 20 min. Slides were rinsed with neutralization solution (12.12% Tris HCl, pH 7.5) 3 times for 5 min each, fixed with 100% ethanol, air-died, and stored protected from light until analysis. For analysis and scoring Comets, DNA in microgels was stained with 0.1% ethidium bromide (25 µL) for 5 min, and coverslips were applied before image analysis. Three replicate experiments were performed with 2 slides per experimental point. Comet-assay samples were analyzed at 200× magnification using an epifluorescence microscope (Olympus ® BX-2) and a Rhodamine filter. The image of the electrophoresed DNA appears like a comet, with undamaged DNA in the head, and fragmented DNA migrating to form a tail. Comet images were recorded using a digital camera Variocam ® (PCO, Germany), connected to a personal computer. Two hundred randomly selected cells were scored from each slide (2 slides per dose), and the percentage of comet cell (comet rate) was calculated.
Cytokine assay:
A BD Cytometric Bead Array (CBA) Kit assay (Human Th1/Th2-11plex BMS810FF, Bioscience) for the BD FACSArray Bioanalyzer was used to quantify 11 pro-and antiinflammatory cytokines (IL-12p70, IL-2, IL-10, IL-8, IL-6, IL-4, IL-5, IL-1b, IFN-γ, TNF-α, and TNF-β) in the supernatant of cell cultures, 72 h after exposure to either AEP-1 (250 µg/mL) or 0.5% DMSO (negative control), according to the manufacturer's instructions.
Statistical analysis:
All data from each experimental study was analyzed using the statistics software GraphPad Prism ® 5.0. The most appropriate statistical test for each experiment was used. Data represent at least 3 independent experiments and results are shown as mean ± SD. Statistical differences between 2 groups were determined by Student's t-test. One-way analysis of variance (ANOVA) with Dunnett's multiple comparison tests was applied for multiple group comparison. A significant difference was considered as p < 0.05. In addition, the data were compared using the Spearman correlation test. For cytokine concentrations, median, interquartile ranges (IQR) and percentage of coefficient of variations (% CVs) were also calculated.
